from mice defective in both Blm and Fancd2 have the same interstrand crosslink-induced genome instability as cells from mice deficient in the Fancd2 protein alone. These observations demonstrate that the association of BLM and Topoisomerase III ␣ with Fanconi proteins is a functional one, delineating a BLM-Topoisomerase III ␣ -Fanconi pathway that is critical for suppression of chromosome radial formation. Copyright © 2009 S. Karger AG, Basel Bloom syndrome (BS) is a rare recessive disorder characterized by growth retardation, immunodeficiency, photosensitivity, and an increased incidence of cancers including leukemias, lymphomas, and carcinomas [German, 1995; Moses, 2001; Hickson, 2003] . Cells from BS patients manifest chromosomal aberrations, including sister chromatid exchanges (SCEs) [Chaganti et al., 1974] which are used for clinical diagnosis, and increased radials. The elevated SCEs reflect increased interchromosomal homologous recombination (HR), apparently in Sphase [German, 1995; Sonoda et al., 1999; Gaymes et al., 2002] . The defect in BS is in the Bloom protein (BLM), a member of the conserved RecQ helicase family, of which
there are five recognized paralogs in humans [Wu and Hickson, 2006] . RecQ proteins appear to regulate recombination, thus enhancing global genome stability, and are involved in the response to a variety of DNA adducts [Karow et al., 2000; Chester et al., 2006; Hanada and Hickson, 2007] . BS cells also show abnormal replication intermediates with prolonged S-phase delay after DNA damage [Davies et al., 2004] and fail to re-start replication efficiently after blockade [Davies et al., 2007] . Thus it appears a deficiency in a RecQ enzyme leads to an increase in recombination, possibly as the result of a replication defect, leading to SCE formation [Hanada et al., 1997; Hanada and Hickson, 2007] .
While deficiency of the RecQ protein is not lethal in prokaryotes, disruption of the Blm gene in mice is lethal in utero [Chester et al., 1998 ]. Hypomorphic mutations (blm m3/m3 ) in mice permit viability, but the mice show an increased susceptibility to lymphomas, sarcomas, and carcinomas, which mimics the cancer spectrum seen in BS patients. The development of cancers correlates inversely with the level of BLM [Luo et al., 2000; McDaniel et al., 2003] .
BLM has a conserved association with the type IA topoisomerase, Topoisomerase III ␣ (Topo III ␣ ). As with BLM, a defect in Topo III ␣ leads to embryonic lethality in mice [Li and Wang, 1998 ]. In budding yeast, deficiency of Top3 leads to a hyper-recombination phenotype, and top3 mutants are sensitive to DNA damaging agents [Chakraverty et al., 2001; Ira et al., 2003] . The physical interaction of Sgs1, and Top3 [Bennett et al., 2000] reflects a functional interdependence; mutations in SGS1 can occur as suppressor mutations for top3 mutants [Gangloff et al., 1994] . Along with a third protein, Rmi1, Sgs1 and Top3 appear to maintain genome stability in S-phase [Schmidt and Kolodner, 2004] . The mammalian homolog of Rmi1, BLAP75 or hRMI1, and RMI2 associate with Topo III ␣ to stimulate activity of BLM on HR intermediates [Wu and Hickson, 2003; Chang et al., 2005; Mullen et al., 2005; Bussen et al., 2007; Singh et al., 2008; Xu et al., 2008] . Studies on Topo III ␣ -deficient mammalian cells are lacking, due to cell lethality, but a conditional disruption has been used in chicken cells to demonstrate sensitivity to DNA damage [Otsuki et al., 2008] . Overall it appears that Topo III ␣ and BLM affect genome stability in a common pathway by modulation of HR.
Fanconi anemia (FA) is a rare recessive disorder resulting from a deficiency in any of at least 13 proteins [D'Andrea and Grompe, 2003; Wang, 2007] . It manifests growth abnormalities, deficiencies in all blood cell lineages, and an increased risk of malignancies [Moses, 2001; D'Andrea and Grompe, 2003] . FA cells show increased cellular sensitivity to agents that form DNA interstrand crosslinks (ICLs), as manifested by chromosomal breaks and radials [Schroeder et al., 1964] . The FA proteins have been shown to interact with BRCA1 [Garcia-Higuera et al., 2001; Folias et al., 2002] , and the BRCA2 gene has been identified as the FANCD1 gene [Howlett et al., 2002] . In addition, two BRCA-associated proteins, PALB2 and BRIP1 (BACH1), are FANCN and FANCJ, respectively [Bridge et al., 2005; Levitus et al., 2005; Reid et al., 2007] . Thus the FA/BRCA proteins comprise a DNA damage response network required for genome stability.
The BLM/Topo III ␣ and FA/BRCA pathways each act to maintain genome stability as outlined above. A link between the FA pathway and the BS pathway is suggested by the observation that five FA proteins, FANCA, C, E, F and G, associate with BLM as well as Topoisomerase III ␣ and RPA in a complex termed BRAFT [Meetei et al., 2003; reviewed in Wang, 2007] . It has also been noted that phosphorylation of BLM, a normal response to DNA damage, appears to be abrogated in FA cells, suggesting an intact FA core complex is required for the modification [Pichierri et al., 2004] . Furthermore, FANCC and BLM co-localize following DNA damage [Hirano et al., 2005] . These observations raise the question as to whether BLM and Topo III ␣ act functionally in the FA pathway for genome stability, and also whether FANC proteins participate in suppression of SCEs in human cells. Findings differ regarding SCE formation in FA cells, with reports of normal levels in human FA-A and FA-D1 cells [Godthelp et al., 2006] or elevated levels [Hirano et al., 2005] in FA chicken cells. With BRCA2 (FANCD1) mutations it is reported that SCE formation decreases in rodent cells [Tutt et al., 2001] .
We have used normal human cells with siRNA-mediated depletion of Topo III ␣ , BLM, or FA, as well as FA and BS patient cells, to investigate whether the BLM and FA pathways functionally interact. Chromosomal radial formation was used as the index for genome stability. We find that normal human cells depleted for BLM or Topo III ␣ display a decreased survival in response to mitomycin C (MMC), in addition to the expected increase in SCEs and radial formation. In contrast, depletion of BLM or Topo III ␣ in FA cells does not cause an increase in radials, indicating a common response pathway. In the converse test, depletion of FANCA in a BS cell line does not increase radials, again demonstrating epistasis. 
Materials and Methods

Animal Husbandry
The construction of the Fancd2 -/+ mouse in C57BL/6J background has been described [Houghtaling et al., 2003 ]. Mice heterozygous for the Blm m3 allele [Luo et al., 2000] in a 129S5 background were crossed with the Fancd2 -/+ mice. The Fancd2 and Blm mice were bred to produce mice heterozygous for both mutations. Double heterozygous mice were then bred to produce mice homozygous for both mutations in a mixed C57BL/6J ! 129S5 background.
Quantitative PCR (qRT-PCR)
Total RNA was extracted using the RNeasy Mini Kit (Qiagen). 1 g RNA was used to synthesize cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real Time quantitative PCR was performed using the iCyler iQ Detection System (Biorad) with 10 ng of starting cDNA material and the TaqMan Gene Expression Assays specific to primers Topo II ␣ and Topo III ␣ and the endogenous control for the ␤ -actin gene (Applied Biosystems). Samples were tested in triplicate and mRNA concentrations for each sample were calculated using the comparative Ct method [Livak and Schmittgen, 2001] .
Mouse Genotyping
The Fancd2 allele was genotyped as previously described [Houghtaling et al., 2003] . The Blm mice were genotyped by Southern blot, as previously described [McDaniel et al., 2003] . 10 g of genomic DNA was digested with Bam HI, and probed using a 1.6-kb probe that spanned exon 4. Blots were probed overnight, and washed at a high stringency (65 ° C for 30 min in 2 ! SSC with 0.5% SDS followed by 30 min in 1 ! SSC). The mutant allele gives a band of 6.0 kb, and the wild-type allele gives a band of 6.6 kb.
Cell Lines and Culture
Transformed fibroblasts [Bruun et al., 2003] were cultured in ␣ -MEM medium (Mediatech) supplemented with 5% fetal bovine serum (Hyclone), 5% calf serum (Hyclone) and 0.05 mg/ml gentamicin (Gibco) in a humidified incubator with 5% CO 2 at 37 ° C. Normal cell line GM639, the FANCA line GM6914, and the Bloom syndrome cell line GM08505 were obtained from the NIGMS Human Genetic Cell Repository. Transformed Fanconi anemia cell lines PD331 (FANCC), VU423 (FANCD1) and PD20 (FANCD2), as well as primary Fanconi anemia cell lines PD438F (FANCC) and PD829 (FANCG), were provided by the OHSU Fanconi Anemia Cell Repository. The retrovirally corrected controls for GM08505, GM6914, PD438F, PD331, and PD829 were functionally complemented with a pMMP retrovirus vector containing a full-length cDNA for the appropriate complementation group. Cell lines PSNF5 and PSNG13 have been previously described [Davies et al., 2004] . Mouse primary fibroblasts were derived from the adult ears for each of the genotypes of interest. The ears were soaked in 70% ethanol, rinsed several times with PBS, minced in RPMI medium (Gibco) containing collagenase (Gibco) and incubated at 37 ° C for 3 h. The collagenase-containing medium was then replaced with DMEM medium containing 20% fetal calf serum (Hyclone) and the cells were grown at 37 ° C in a humidified incubator with 5% CO 2 .
Design of the siRNA Oligonucleotides
The siRNA duplex specific for BLM was designed as previously described [Bruun et al., 2003] . A 21-mer beginning with an AA repeat was selected and specificity to BLM was confirmed by a BLAST analysis. The duplex was synthesized with a 3 -dTT overhang by Dharmacon Research (Lafayette, CO). The sequence is: UCCCGGGAUACUGCUCUCA.dT.dT. For controls, a nonfunctioning duplex with the following sequence was used: AAC UUU UGC AAA GCG GAG CCA UU. The FANCA and BRCA1-specific duplexes have been described previously [Bruun et al., 2003] . siGENOME SMART pools for Topo III ␣ were from Dharmacon: GAAACUAUCUGGAUGUGUAUU, CCACAAAGAU-GGUAUCGUAUU, CCAGAAAUCUUCCACAGAAUU, and GAAAAGUCUGACCAAGCUUU. For Topo II ␣ they were: AAACAGACAUGGAUGGAUAUU, CAAACUACAUUGGCA-UUUAUU, GAAAGAGUCCAUCAGAUUUUU, and CGAAAG-GAAUGGUUAACUAUU.
Transfection
Transfections were performed as previously described [Bruun et al., 2003 ]. Final volumes of 1 ml for a T25 flask and 3.2 ml for a 100-mm dish were used. Controls were transfected with either a non-functional siRNA duplex or mock transfected. Transfection efficiency for the BLM siRNA was monitored using the FAM Silencer siRNA Labeling Kit (Ambion). At 4 and 24 h, cells were fixed and counter-stained with DAPI using the SlowFade Light Antifade Kit with DAPI (Molecular Probes). Cells were then imaged using a Leica DRMXA fluorescent microscope. Transfection efficiency was calculated by number of cells with at least one labeled siRNA divided by the total number of DAPI stained cells. For GM639 cells, efficiency was 60% at 4 h and 88% at 24 h for both control and BLM siRNA and 67% for BLM and control siRNA in GM6914.
Cell Survival Assay
Twenty-four hours following transfection, cells were plated on 100-mm dishes at 300 cells per dish and treated with MMC in duplicate. Cells were allowed to grow for 10 days in MMC, and then fixed in a solution of 50% MeOH, 1% freshly prepared methylene blue (Sigma). Colonies were counted, and standard errors of the means, denoted by bars, were derived from the duplicate data sets.
Immunoblotting
Cells were transfected on 100-mm dishes as described above, using a 3.2-ml final solution volume, and were washed with PBS, trypsinized, pelleted, and frozen at -80 ° C at the indicated time points. The untreated control was mock-transfected and harvested at 48 h. Cell lysates were prepared as previously described [Bruun et al., 2003] . 50 g whole protein extract from each lysate was run on a 7.5% acrylamide gel. Blots for BLM were then transferred to a nitrocellulose membrane (Osmonics), and FANCA, BRCA1 and FANCD2 blots transferred to Immobilon-P PVDF (Millipore). Membranes were blocked overnight in TBST (TBS plus 0.1% Tween) plus 5% dry milk. For BLM blots, the membrane was probed with anti-BLM rabbit polyclonal antibody (Abcam) at a 1: 1,000 dilution in TBST with milk. BRCA1 blots were probed with anti-BRCA1 mouse monoclonal antibody (Ab-4, Oncogene) at a 1: 200 dilution in TBST with milk. FANCA blots were probed with anti-FANCA mouse monoclonal antibody (5G9, a gift from Maureen Hoatlin) at a 1: 250 dilution in TBST with milk. The ␤ -tubulin blots were probed with a rabbit polyclonal antibody (H-235, Santa Cruz) at a 1: 3,000 dilution in TBST and visualized with HRP-conjugated secondary antibodies and enhanced chemiluminescence.
Chromosome Stability
For sister chromatid exchange (SCE) analysis, cells were allowed to go through two rounds of replication in 25 g/ml BrdU, 24 h post-transfection. Clastogen-induced SCEs were elicited by a 4-h pulse of 20 ng/ml MMC 20 h prior to harvest. Cells were harvested following a 3-h exposure to 0.05 g/ml colcemid (Gibco), treated with a solution of 1: 3, 5% fetal calf serum:0.075 M KCl, and were fixed in 3: 1 methanol:acetic acid. Cells were then dropped onto slides and stained for 5 min in 0.01% Acridine Orange. Following staining, the slides were rinsed with deionized water and treated with Sorenson Buffer (pH 6.8) (1: 1 volume of 0.06 M Na 2 HPO 4 and 0.06 M KH 2 PO 4 ). After treatment, the slides were exposed to UV light for 12 min, and then visualized using a FITC filter. 20-25 metaphases from each culture were scored for chromosome count and the number of SCEs. The SCE rate was calculated as number of SCEs per chromosome.
For chromosome breakage studies, cells were treated with MMC (5-40 ng/ml) or diepoxybutane (DEB) (50-150 ng/ml) 24 h after transfection or mock transfection. Cells were treated with a dose of MMC that produced a 5-10% decrease in survival. Following 48 h incubation with the clastogens, cells were harvested as described [Bruun et al., 2003] . Slides were stained with Wright's stain, and 50 metaphases from each culture were scored for radial formation. For murine cells, 10 ng/ml MMC was used for radial studies. The number of cells with radials is defined as a cell with one or more radial.
Cell Cycle Analysis
Cells were transfected in 100-mm dishes as described above. Duplicate plates were transfected to assure appropriate cell numbers. 24 h post transfection, cells were treated with the indicated amount of MMC. After 48 h in the dark, cells were harvested and fixed in ice-cold 70% EtOH. Before analysis, cells were harvested at 200 g for 5 min, and the ethanol was removed. The cells were then incubated for 2 h at 37 ° C in a DNA extraction buffer of 0.2 M phosphate citrate buffer, pH 7.8. The cells were then harvested by centrifugation for 10 min at 1,500 g , and the supernatant was removed. Cells were stained in a 20 g/ml solution of propidium iodide in PBS with 0.1% Triton X-100 and 200 g/ml DNase-free RNase, and were then incubated for 30 min at room temperature in the dark.
The stained cells were sorted on a Becton Dickinson FACSCalibur machine, using CellQuest software for analysis. Approximately 20,000 cells per sample were analyzed.
Results
Depletion of Topo III ␣ or BLM Increases Radial and SCE Formation
In order to analyze the effects of loss of BLM or Topo III ␣ on the ICL response in human fibroblasts, we used siRNA-mediated depletion. Depletion of target proteins or mRNA was verified by immunoblot or qRT-PCR analysis ( fig. 1 A, B) . Protein levels decreased within 12 h and remained depleted for approximately 100 h, allowing testing of chromosome stability and cell survival. A hallmark of BS cells is increased spontaneous SCE formation compared to normal cells, and BLM depletion in normal cells produced increased SCE formation like that in BS cells ( fig. 2 A) . Depletion of Topo III ␣ in normal fibroblasts mimicked the findings seen with BLM depletion. MMC treatment increased SCE formation in all cases ( fig. 2 A) . For comparison, BS cells were corrected with retroviral transformation with the BLM gene, resulting in a reduction in SCE formation ( fig. 2 B) .
Elevated levels of radial chromosomes are observed following ICL damage in BS cells ( fig. 3 A) . Depletion of BLM in normal fibroblasts produced increased chromosome radials compared to normal cells ( fig. 3 B) , authenticating the depletion. An increased number of radials was also seen in normal cells with MMC following Topo III ␣ depletion ( fig. 3 B) . However, depletion of Topo III ␣ in BS cells did not increase radials ( fig. 3 A) , indicating that BLM and Topo III ␣ are epistatic for suppression of radial formation. The findings demonstrate that the association of BLM and Topo III ␣ is a functional relationship for response to ICL formation. The observations with radials are specific, since depletion of topoisomerase II ␣ , verified by qRT-PCR ( fig. 1 B) , does not promote radial formation following MMC in normal cells ( fig. 3 B) .
To provide another measure of sensitivity to ICLs in normal human cells depleted of BLM or Topo III ␣ , cell survival was determined. Following depletion of BLM or Topo III ␣ , a normal fibroblast line showed decreased survival following MMC treatment, relative to untreated cells ( fig. 4 ) . Thus by the indices of SCE formation, radial formation and cell survival, depletion of BLM or Topo III ␣ produced decreased genome stability, correlating with increased cell sensitivity to DNA crosslinking agents.
Depletion of Topo III ␣ Causes Cells to Arrest with 4C
DNA Content BS cells manifest a G2 DNA increase, compared to normal cells, reflecting a transient arrest at entry into mitosis, as a result of checkpoint activation [Chester et al., 1998; Hickson, 2003; Davies et al., 2004] ( fig. 5 A-D) . We therefore tested whether cells depleted for Topo III ␣ manifest a similar profile. Analysis of a normal cell line depleted for Topo III ␣ , showed G2 delay ( fig. 5 E, F) , as do BS cells, following MMC treatment. FANCA cells show a similar profile ( fig. 5 G, H) , as has been noted [Wang, 2007] . One interpretation of the delay would be that in the absence of BLM or Topo III ␣ , a late S-phase or G2 checkpoint mechanism is activated, due to increased strand breaks persisting from replication, leading to fork collapse, as may be the case in BS cells [Davies et al., 2004] .
Topo III ␣ and BLM Act Epistatically with FA for Suppression of Radials
Since a deficiency in BLM, Topo III ␣ or FANC proteins decreases genome stability in a similar manner, and causes a similar G2 delay, and because of the observed physical interaction between these proteins, we tested whether FANC proteins, BLM and Topo III ␣ function in the same pathway in response to ICLs. In contrast to the above results, depleting BLM or Topo III ␣ in FANCD2-deficient or FANCC-deficient cell lines did not increase the incidence of chromosomal instability as measured by radial formation following MMC treatment ( fig. 6 ). The same was found for a FANCA cell line (data not shown). The converse test, depletion of FANCA in BS cells, did not increase radial formation in response to MMC ( fig. 3 A) , supporting the conclusion that BLM and Topo III ␣ are epistatic to the FA pathway in response to ICL formation and do not function in additional pathways for ICL response, at least as indexed by radial formation. As expected, depletion of Topo II ␣ did not increase radial formation in FA cells, since the depletion had no effect in normal cells. The epistasis of BLM and the FA pathway was validated by cell survival following MMC depletion of BLM in a FANCD2 cell line; there was no decrease in survival after MMC treatment compared to the same line non-depleted (data not shown).
We have previously reported that depletion of BRCA1 in FA cells increases radial formation, indicating BRCA1 must act in at least one additional pathway for genome stability [Bruun et al., 2003 ]. The same is true for BRCA1 depletion in BS or Topo III ␣ -depleted cells, as would be expected if the latter two proteins are epistatic with FA (data not shown). FANCD2 protein is modified following DNA damage and in S-phase by monoubiquitination (FANCD2-Ub) [Garcia-Higuera et al., 2001; Timmers et al., 2001; D'Andrea and Grompe, 2003] . BS cells manifest normal FANCD2-Ub formation [Pichierri et al., 2004] . Therefore, depletion of Topo III ␣ should not affect the modification of FANCD2, as was the case ( fig. 7 ) . Thus, while depletion of BLM or Topo III ␣ causes increased radials and decreased survival in response to ICL formation, this is not due to a deficiency of FANCD2-Ub formation.
FA Does Not Regulate SCE Formation
Due to differing reports regarding SCE formation in FA cells from model rodent or chicken cells and in human cells, we undertook a test of SCE formation in fibroblasts from 5 different FA complementation groups. In order to remove cell line variability, FA cells were tested in comparison to corrected controls generated using a complementing retroviral construct for each complementation group (except FA-D1). The FANCC and FANCG cells were primary cells, and the others were transformed lines. Although FA cells, like normal cells, show increased SCE formation with MMC treatment, no increase in SCE formation was noted in the FA cells compared to the corrected cells ( fig. 8 A, B) . In addition, depletion of FANCA in BS cells did not increase SCE formation ( fig. 2 B) . Thus human FA cells differ from BS cells in that they do not show increased SCEs relative to corrected cells. This outcome is in agreement with a report for human cells, but not in agreement with findings in immortalized chicken cells [Hirano et al., 2005; Godthelp et al., 2006] .
Depletion of BLM or Topo III ␣ in FA-D2 cells produced an increase in SCEs, as it does in normal cells ( fig. 8 A) . Therefore FA cells respond like normal cells to loss of BLM or Topo III ␣ with an increase of SCE formation. These observations include the FANCD1 cell line, defective in BRCA2, as reported by others [Godthelp et al., 2006] . Therefore, the HR function of BRCA2 does not appear to be required for SCE formation ( fig. 8 B) .
Fancd2
-/-/Blm m3/m3 Mice Demonstrate Epistasis for FA and BS The above results indicate that BLM is epistatic with the FA pathway for response to ICLs in human fibroblasts as measured by radial formation and cell survival. It might then be expected that the addition of a defect in BLM to an animal model for FA would not add detectable defects in the ICL response to the ones already noted. To test this, the hypomorphic mutant Blm m3/m3 allele [Luo et al., 2000] was combined with a Fancd2 -/-genotype [Houghtaling et al., 2003 ] in a mixed background, since a complete defect in the murine BLM homolog is lethal [Chester et al., 1998 ]. By crossing heterozygotes, homozygous deficient mice were obtained at the predicted frequency of 1 in 16. The average weight of the double homozygous mutant mice was similar to that of either of the single mutants, indicating normal in utero growth. Primary fibroblast cells were established from the Blm m3/m3 ,
-/-mice and tested for their response to MMC. As observed in the BLM or Topo III ␣ -depleted normal human cells or BS fibroblasts, murine fibroblasts lacking the BLM protein exhibited chromosomal instability in the form of increased radials. Furthermore, cells from the double mutant mice did not display increased radial formation above that of the Fancd2 -/-mice (cells with one or more radial were 90% at 20 ng/ml MMC for
), supporting the epistatic relationship between BS and the FA pathway seen in human cells. In contrast, mouse cells defective for Blm alone, or both Blm and Fancd2 showed an increase in SCEs, while the cells defective in Fancd2 did not; that is, the fancd2 mutants did not show elevated SCE formation unless the blm hypomorphic mutation was added ( table 1 ) . These results support the conclusion that the FA pathway and Bloom pathway act epistatically in ICL repair, but that the FA path does not act in SCE regulation.
Discussion
The results reported indicate that siRNA depletion can be used to demonstrate in human cells that the interaction of BLM and Topo III ␣ is a functional one and that loss of either results in similar manifestations of genome instability following ICLs. BLM acts in several pathways for genome stability, including maintenance functions in response to breaks that arise during DNA replication and in response to DNA damage [Hickson, 2003] . However, the actions of BLM and Topo III ␣ in response to ICLs are apparently limited to the FA pathway. In support of this, depletion of BLM or Topo III ␣ in FA cells, or depletion of FANCA in BS cells, does not increase radial formation or decrease survival following MMC treatment. It is also known that inhibition of topoisomerase I does not increase the sensitivity of FA cells to MMC damage [Saito et al., 1994] , and nor does depletion of Topo II ␣ , as shown here. Thus BLM and Topo III ␣ appear to act specifically [Godthelp et al., 2006] , but in contrast to a report on chicken cells [Hirano et al., 2005] . Our findings indicate that the function of BLM in control of SCEs is separate from its action in ICL repair. We chose to use human cells as a test system to avoid irregularities possibly arising from the very high HR frequency in the chicken cell system, where targeted HR rates are elevated as much as 10,000-fold [Winding and Berchtold, 2001] . Interestingly, SCE formation does not require BRCA2 function. This is surprising, given the supposed role of BRCA2 in HR [Shivji and Venkitaraman, 2004 ] and the apparent dependence of SCE formation on HR [Sonoda et al., 1999] .
This would suggest that SCEs arising from BLM deficiency arise via a BRCA2-independent branch of the HR system.
BLM has been shown to be phosphorylated by ATM or ATR [Davies et al., 2004] , but phosphorylation, which is dependent on a functional FANC core [Pichierri et al., 2004] , is not required for its action in SCE regulation; rather it is required for other functions such as recovery from S-phase arrest [Davies et al., 2004] . Therefore, BLM, and presumably its partner, Topo III ␣ , have segregated functions in ICL repair, versus regulation of SCE formation. In summary, we have provided evidence for the existence of a functionally important ICL response network comprising the BLM, Topo III ␣ and FA proteins.
